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Commentary

Since the 1980s, there has been a remark-
able surge in biomedical and pharmaceuti-
cal research and in the development of new 
chemicals and marketed commodities (Binetti 
et al. 2008). Although these products have 
contributed to consumer well-being and 
economic success, regulators, in response to 
increasing concerns about environmental and 
consumer safety, have introduced new safety 
regulations and testing requirements (e.g., 
Makris et al. 2009).

Historically, due in part to the absence of 
non-animal alternatives, toxicological safety 
testing has emphasized the use of animal-
based studies (Schardein and Keller, 1989). 
However, such tests are ethically arguable 
and can be expensive and time consuming, 
particularly with regard to tests requiring a 
prolonged exposure or the breeding of multiple 
generations. With regard to cost, it still remains 
to be demonstrated if alternative testing 
methods will always be an improvement. 
Currently, the main promise is that the use of 
human-derived cells and tissues will increase 
the predictivity toward human toxicological 
effects (Adler et al. 2011; Wobus and Löser 
2011). Thus, there is increasing pressure from 
industry and the public to reduce animal tests 
wherever possible and eventually to abandon 
them altogether. Initially, most in vitro tests 
were relatively simple biochemical or cellular 
assays, limiting their applicability (Laschinski 
et al. 1991). During the last decade, however, 
a number of major advances have been made 
in molecular toxicology, and today’s portfolio 
of non-animal methods is far more versatile 
(Adler et al. 2011; Wobus and Löser 2011). 
Examples include the development of novel 
stem cell techniques, organotypic three-
dimensional (3D) cell models, in vitro disease 
models, and an increasing number of in vitro 

cell-based “omics” and in  silico methods 
(reviewed by Adler et al. 2011; Wobus and 
Löser 2011).

The pharmaceutical industry has adapted 
many of these methods in order to screen large 
substance libraries in an effort to minimize 
attrition rates, while chemical industry and 
regulators alike are still evaluating the use of 
these new technologies for toxicological risk 
assessment (Pampaloni and Stelzer 2010). 
After years of debate, the first in vitro assays 
for local acute toxicity have now been accepted 
internationally as testing guidelines of the 
Organisation for Economic Co-operation and 
Development (OECD) (reviewed by Liebsch 
et al. 2011). There are good reasons for this 
rather slow and cautious approach by toxico
logical regulators who have to treat safety as 
paramount and hence want a standardized and 
validated set of testing methods accepted and 
adhered to internationally. Regulatory accep-
tance of in vitro approaches is especially diffi-
cult when applied to the systemic toxicological 
end points of repeated dose toxicity, carcino-
genicity, and reproductive toxicity, where con-
siderations have to include low dose levels and 
chronic exposures. The corresponding adverse 
effects are rarely limited to a single organ, but 
instead tend to be diverse and can encompass 
the whole organism. Moreover, regulatory tox-
icity testing faces the problem of possible false-
negative testing. False negatives are a serious 
concern for toxicological test systems, but such 
results may well be acceptable during pharma-
ceutical screens. However, significant levels of 
research funding for regulatory toxicology have 
been lacking, and thus the field has depended 
generally on data generated in studies of lim-
ited scope. For example, the development of 
organotypic toxicity models has depended 
largely on investigations in medical tissue 

engineering and tissue regeneration, currently 
one of the major medical research areas. 
Meanwhile, the political pressure to imple-
ment testing alternatives for regulatory toxicol-
ogy has increased greatly as demonstrated by 
the release of the National Research Council’s 
(NRC) vision and strategy for toxicity test-
ing in the 21st century (NRC 2007), the sev-
enth amendment of the European Cosmetics 
Directive in 2003 (European Commission 
1976, 2003) and the REACH (Registration, 
Evaluation, Authorisation and Restriction 
of Chemicals) program of 2006 (European 
Commission 2006). What was once a breeze 
has now become a gale that will ultimately 
force regulators to be more proactive in incor-
porating non-animal alternatives into the regu-
latory decision-making process. Therefore, it is 
appropriate at this time to discuss the criteria 
that a prospective in vitro–only testing scheme 
will need to meet in order to satisfy regulatory 
requirements and to outline how these criteria 
can be achieved.

Current Efforts
The NRC’s 2007 vision of moving toxicity 
testing away from animal testing to in vitro 
and, ultimately to in silico approaches, resulted 
in the launching of several projects. Most 
notable is a formal collaborative effort, known 
as “Tox21” (Toxicology Testing in the 21st 
Century), by various U.S. agencies, includ-
ing the Chemical Genomics Center of the 
National Institutes of Health, the National 
Toxicology Program, the U.S. Environmental 
Protection Agency (EPA), the National Center 
for Computational Toxicology, and more 
recently, the Food and Drug Administration 
(FDA), to screen a large number of chemi-
cals of environmental concern across several 
hundred high-throughput in vitro methods. 
The aim is to identify substances of greatest 
concern and also to evaluate the performance 
of each individual test method singly or in 
combination with other assays (Collins et al. 
2008; Krewski et al. 2010). All data are com-
putationally processed and analyzed for toxi-
cologically relevant cellular pathways, which 
ultimately could lead to in  silico prediction 
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models such as those envisioned by the U.S. 
EPA’s ExpoCast, virtual liver (v-Liver™), and 
virtual embryo (v-Embryo™) projects (Kavlock 
and Dix 2010). These projects aim to pro-
vide a toxicological assessment of the currently 
existing chemical space, including numerous 
untested legacy chemicals, and to prioritize 
animal testing (Dix et al. 2007; Judson et al. 
2010). Moreover, the National Center for 
Advancing Translational Science (NCATS) 
together with the Defense Advanced Research 
Projects Agency (DARPA) and the FDA 
have committed 140 million U.S. dollars 
over 5 years to design a tissue “chip” for drug 
screening (DARPA 2011; NCATS 2011). 
The Japan HPV (high production volume) 
Challenge Program of 2007 addresses a simi-
lar challenge (Ministry of Economy, Trade 
and Industry, Ministry of the Environment 
of the Japanese Government, Ministry of 
Health, Labor and Welfare 2007) and, in the 
European Union, the AXLR8 (pronounced 
“accelerate”) project is a collaborative initia-
tive for developing alternative methods for 
chemical testing (AXLR8 Consortium 2010). 
Thus, at this time, it is appropriate to ask what 
types of data will be expected by the regulatory 
authorities from the chemical industry in the 
future when a new product is proposed for 
commercial use. These efforts will undoubt-
edly contribute significantly to the answer. 
A high-throughput screening approach will 
be used most likely during the research and 
development of a product. However, it might 
not be well suited enough for the regulatory 
assessment of a single product. For regulatory 
acceptance, we suggest starting the develop
ment of a directed approach comprising 
a set of integrated assays that can be offered 
by contract laboratories in the same way that 
animal testing is conducted currently. This 
approach is in the interest of the regulators 
who then will be able to deal with a manage-
able data set—the evaluation of which would 
not require proficiency in a bewildering num-
ber of alternative testing systems. Moreover, 
it would provide industry with a defined and 
clear financial framework while also offering 
advantages to all stakeholders.

Calculating the Odds—
Involuntary Heroism of Animals
A toxicological risk assessment considers all of 
the available toxicological data for a given sub-
stance, taking into account the likelihood of 
exposure and the routes, magnitude, and dura-
tion of exposure, and finally reaches a conclu-
sion based on the doses the average person is 
exposed to. This approach of an exposure-based 
risk assessment is applied to substances already 
on the market, as well as newly developed 
products, and is necessarily based on many 
assumptions and extrapolations. The assessment 
of actual or expected exposure typically relies 

on mathematical modeling and requires as 
much reliable data as possible in order to keep 
uncertainties to a minimum. Data on expo-
sure can ideally be extrapolated from similar 
products or are available from epidemiological 
data, biomonitoring programs, and well-con-
ducted surveys. Meanwhile, toxicological data 
originate predominantly from animal studies. 
From a risk assessor’s point of view, the high-
est risk is not posed by acutely toxic chemicals 
but by those that show systemic, reproductive, 
developmental, and carcinogenic effects under 
long-term exposure conditions, including low 
doses. Therefore, animal studies required for 
the regulatory acceptance of high-volume pro-
duction chemicals include, among others, the 
so-called two-generation study (OECD 2001). 
This study is used to evaluate the ability of a 
chemical to induce developmental, reproduc-
tive, or chronic effects and poses the main bur-
den in terms of animal usage and costs. For a 
single chemical, a two-generation study uses on 
average 3,200 animals (normally rats) (Rovida 
and Hartung 2009) and costs close to half a 
million U.S. dollars for one species (Fleischer 
2007; U.S. EPA 1998). Testing a second mam-
malian species, as is sometimes recommended, 
doubles the price tag. In addition, it can take 
up to half a year to gather the necessary data 
and prepare the proper dossier for submission 
to regulatory agencies. The two-generation 
study could be replaced in the near future by an 
extended one-generation reproductive toxicity 
study (EOGRTS) (OECD 2011); however, 
its full legal implementation is pending. In an 
effort to reduce animal numbers, the EOGRTS 
would monitor more parameters and routinely 
omit the second generation, thus requiring 
40–60% fewer animals. Nevertheless, the long 
and intense debate surrounding the EOGRTS, 
still an in vivo method, perfectly illustrates 
the rift between public expectation and the 
regulatory demand for validated and tested  
methods. Ironically animal models as such have 
never been validated; rather, it has been taken 
on good faith that these studies are the best 
approach for protecting humans. Bcause of its 
universality, this approach has mostly stood the 
test of time and shaped our understanding of 
toxicological adversity. Now this universality 
poses a problem as no single in vitro test system 
can offer the same degree of complexity.

The two-generation study requires the 
performance of daily clinical observations, 
including the examination of parental body 
weight and feeding behavior, as well as of the 
female estrous cycle and male sperm parame
ters. Physical development of the offspring 
is monitored by body weight gain and other 
parameters (e.g., ear and eye opening, tooth 
eruption, hair growth). Further examina-
tions include gross necropsy, organ weight, 
and histopathology of the following organs: 
vagina, uterus with cervix and ovaries, testis, 

epididymis, seminal vesicles, prostate, and 
coagulating gland, as well as grossly abnormal 
tissue and target organs from all pups with 
external abnormalities or clinical signs. In 
addition, follow-up studies such as a develop
mental neurotoxicity study (OECD 2007) 
might be necessary if, for instance, the investi-
gator is alert to behavioral abnormalities.

Challenging High Expectations
All of this information, and ideally even more, 
would have to be obtained from a battery of 
in vitro tests. Further, such a battery would 
ideally have a predictivity for human health 
effects equal to or better than the typical 
60% seen with animal studies (reviewed by 
Hartung 2009). This rather low predictivity 
is mainly due to differences in species-specific 
pharmacokinetics and xenobiotic metabolism, 
which are two inherent limitations of in vivo 
systems. This is sadly exemplified by the tha-
lidomide saga, one of the most dramatic fail-
ures of animal model testing (Gilbert 2003).

However, the metabolic barrier does not 
necessarily apply to in vitro tests, as cell-based 
systems can be either of human origin or 
be humanized with regard to key metabolic 
enzymes. This elimination of the species bar-
rier is potentially the biggest advantage of 
in vitro systems and should increase predictiv-
ity. However, a humanized in vitro testing 
scheme, or “Tox-Test Dummy” (Figure 1), 
will face a different dilemma: specifically, a 
limited data set for validation. Human data 
usually originate from accidents, individual 
case reports, or retrospective studies. Using 
existing in vivo animal data for comparison 
will not necessarily solve this problem. Out 
of several thousand developmental toxicants 
identified in animal studies, only about 50 
have been reported to exhibit embryotoxic 
effects in humans (Schardein and Keller 
1989). A solution to this problem could lie 
in the analysis and comparison of adversely 
affected biochemical pathways in humans and 
animals, respectively. The ToxCast program, 
as part of Tox21, currently identifies biologi-
cal pathways that are altered as a consequence 
of toxicological insult (Chandler et al. 2011; 
Kleinstreuer et al. 2011) Linked with other 
available in vitro and in vivo data from human 
exposure and animal testing, these data can 
be used not only to improve understanding 
of the underlying biochemistry, but also to 
elucidate differences and similarities between 
species. Ultimately, such a detailed under
standing of the affected pathways across spe-
cies might be used to validate the human 
relevance of in  vitro assays. However, we 
believe that regulators at a certain, not too 
distant, point (as discussed below) will accept 
the inherent limitations of in vitro testing 
in the same way as they currently accept the 
limitations of in vivo testing.
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In  vitro testing batteries are by design 
deconstructive, which makes it difficult to 
determine which organs a substance will poten-
tially affect given realistic external exposures, 
and what target dose level (or levels) should 
be considered. In the absence of an intact 
organism, this issue is far from trivial. A previ-
ously untested chemical might be distributed 
throughout an organism and have more than 
one target. In addition, the potential targets 
might be mechanistically unrelated.

So, do we have to rebuild and treat all of 
the > 40 human organs or of the > 400 cell 
types? The answer is yes and no. To limit test-
ing to truly relevant targets, we have to assess 
all routes of exposure and estimate the cor-
responding doses for potential target organs or 
tissues after external exposure. Typical routes of 
exposure are dermal, inhalation, and ingestion. 
Absorption through the mucous membranes 
can be modeled in silico. Likewise, there are 
validated methods to measure dermal absorp-
tion in vitro, and cell systems for other bar-
riers are available as well (Adler et al. 2011; 
European Commission 2008). If absorbed, 
the chemical is likely to reach the bloodstream. 
Using physiologically based toxicokinetic 
(PBTK) modeling, it is then possible to pre-
dict organ exposure levels and thereby estab-
lish relevant concentrations for any subsequent 
in vitro testing (Figure 1) (Mielke et al. 2011). 
The potential of coupling organ-specific PBTK 
to downstream assays such as gene arrays was 
recently demonstrated by Meyer et al. (2012) 
who used this approach to investigate the 
in vivo activity of pravastatin.

One of the most important organs will 
undoubtedly be the liver, where phase I 
metabolism facilitates excretion but also 
increases the toxicity of some substances. 
Hence, liver metabolism is currently one of 
the most important research areas of in vitro 
testing. Although current high-throughput 
projects such as ToxCast typically do not 
include xenobiotic metabolism in their in vitro 
assays, they recognize that this issue is criti-
cal to the success of their efforts. Currently 
available systems for mimicking liver metabo-
lism include the use of liver homogenate (S9 
extracts), transgenic cell lines, hepatocyte-like 
cell monolayers, and 3D organotypic cultures 
(Adler et al. 2011; Esch et al. 2011; Giri et al. 
2011; Landsiedel et al. 2011). The S9 extracts 
are frequently sourced from rodents because of 
the limited availability of pathologically unaf-
fected human liver tissue or primary human 
hepatocytes, which raises concerns about spe-
cies specificity. However, the generation of 
hepatocytes from induced pluripotent stem 
cells may give rise to an unlimited resource of 
human material (Chen et al. 2012; Medine 
et al. 2010; Takayama et al. 2012; Tralau and 
Luch 2012; Wongkajornsilp et al. 2012). We 
will not discuss the individual pros and cons 

of these systems here, but we will assume that 
such systems will be integrated into routine 
in vitro testing. One of the most important 
issues for an integrated model is how the 
resulting metabolites are transferred to the 
next assay. The use of S9 extracts has proven 
itself to be problematic in cell culture, and 
likewise the supernatant of liver-cell culture 
(Hettwer et al. 2010). At the moment, these 
issues are going to be addressed, for example, 
by the coupling of assays via suitable metaboli-
cally competent organotypic cultures (Sonntag 
et al. 2010; Sung and Shuler 2010).

In the next step, the chemical and its 
metabolites (if any) need to be tested for their 
tissue-barrier mobility. In the case of imper-
meable substances, the exclusion of whole 
organs or tissues from testing will help to 
minimize the need for in vitro testing and 
avoid false-positive results. Again, the applica-
tion of PBTK modeling allows for the predic-
tion of realistic concentrations and doses and 
helps to prioritize subsequent testing. When 
metabolism is known, PBTK modeling can 
even model the homeostasis of whole organs 
(Subramanian et al. 2008). Likewise, simple 
assays with false-negative rates close to zero 
could be used to prioritize chemicals for more 
involved organotypic assays, even if the initial 
screening assays have high false-positive rates.

If the primary target of chronic expo-
sure and toxicity is the liver, the second most 
prevalent target is the kidneys, followed by the 
reproductive organs, the brain, hematopoietic 
tissues, and bone. Cell culture models are avail-
able for most of these organs, either as immor-
tal cell lines, primary cultures, reprogrammed 
stem cells, or even organotypic cultures (i.e., 

Peljto and Wichterle 2011; Wobus and Löser 
2011). For other organs, miniaturized chips, 
such as the “lung on a chip” (Huh et al. 2010), 
can be used to measure cellular reactions under 
physiological conditions. All of these systems 
allow the detection of necrotic and apoptotic 
cell death. Nevertheless, a major challenge 
is the reliable detection of carcinogenic and 
mutagenic events as well as developmental 
defects. Many of the underlying molecular 
pathways are known and each year we learn 
more about the respective key molecules. For 
many of these pathways, biochemical and cel-
lular assays are available, as are reporter cell 
lines (reviewed by Schenk et  al. 2010). A 
reliable combined molecular testing strategy, 
however, is usually missing, because we still 
do not understand the key events well enough. 
At the same time, it appears that “omics” 
approaches can be used to identify toxic sig-
nature patterns within cellular metabolic path-
ways in vitro (Winkler et al. 2009). Such an 
approach would not only increase predictivity 
and be suitable for high-throughput screening, 
but would also allow simultaneous measure-
ment of multiple end points.

What are the challenges of an in  vitro 
approach, and what performance can we real-
istically expect? We will try to elucidate these 
questions using the example of a putative her-
bicide that will turn out to be a neurotoxicant 
after metabolic conversion. First, a skin-barrier 
model would be used to determine the amount 
of herbicide that reaches the blood after der-
mal exposure. Next, a model for the toxicant’s 
distribution in blood, such as a PBTK model, 
would be used to estimate the concentra-
tion reaching the liver. The liver model must 

Figure 1. Schematic overview of the required components of a Tox-Test Dummy. Abbreviations: c[Blood], 
concentration of a substance in blood; t, time.
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then be used to metabolize the agent, and the 
resulting metabolite (or metabolites) would be 
applied to a set of organ-mimicking in vitro 
systems, including a model of the blood–
brain barrier. Finally, a brain model would be 
exposed to the molecules that are capable of 
crossing the blood–brain barrier. For the sake 
of our example, we assume that only the brain 
model shows an adverse response, and that 
parallel assays (e.g., assays for liver and spleen 
toxicity) do not contribute to the detection of 
our assumed neurotoxin. For good predictivity, 
we also assumed that all models are composed 
of nearly all cell types representing the modeled 
organ, for instance, by appropriate differen-
tiation of human induced pluripotent stem 
cells. Altogether, five modeled steps would be 
required for hazard identification. If we assign 
a worst-case predictivity of 75% to each step, 
the total predictivity would be about 24%. 
To reach the 60% predictivity of animal mod-
els toward human toxicants, each in vitro step 
would have to exhibit > 90% predictivity, and 
to achieve 95% overall predictivity, each indi-
vidual assay would have to perform better than 
99%. Parallel assays in other organ models 
that are not mentioned here would not affect 
this calculation. However, they would have to 
exhibit the same predictivity to yield a similar 
overall predictivity in different scenarios.

At first analysis, these requirements look 
like a formidable challenge. However, in com-
bination with metabolomics and transcriptom-
ics approaches, current in vitro models already 
tend to reach 80–95% predictivity, sometimes 
even more. Gene arrays have already been 
used to predict liver damage in primary rat 

hepatocytes with 91% sensitivity and 88% 
specificity (Dai et al. 2006). Similarly, a recent 
proof-of-concept study used transcriptomic 
analysis to identify chemical carcinogens in 
hepatocyte-like cells derived from human 
embryonic stem cells. The overall accuracy of 
this system came close to 96% (Yildirimman 
et al. 2011). Metabolomic analysis of human 
WA09 embryonic stem cells identified terato-
genic substances, including thalidomide, with 
88% predictivity (Kleinstreuer et al. 2011). 
Likewise the combination of read-across with 
several quantitative structure–activity relation-
ship (QSAR) models allowed Hewitt et al. 
(2010) to reach 89% predictivity for devel-
opmental toxicity. Even for the notorious 
non-genotoxic carcinogens, toxicogenomic 
approaches reach a predictivity of up to 
80%, which is superior to the classic rodent–
cancer bioassay (Fielden et al. 2011; Liu et al. 
2011; Low et al. 2011). Thus, for our sug-
gested Tox-Test Dummy, it seems realistic 
to expect an overall predictivity of 51–86% 
based on current assays, although predictivity 
would be higher for common scenarios that 
do not involve neurotoxicity, and therefore 
would require only four steps. Moreover, this 
calculation does not account for the addi-
tional benefits that would result from the use 
of human cells and the integration of several 
organ models onto a single chip (Esch et al. 
2011; Huh et al. 2010). In a recent proof-of-
principle study, Prot et al. (2012) recapitulated 
major aspects of acetaminophen hepatotoxicity 
on a biochip.

At some stages of the Tox-Test Dummy, 
non-human cells might be as predictive as 

human cells and may even be more useful. 
Effects on the developing fetus can be assessed 
using stem cells, such as the mouse embryonic 
stem-cell test (EST) (Seiler and Spielmann 
2011). This test has already been validated 
by the European Center for the Validation 
of Alternative Methods (Genschow et al. 
2004). Species-specific metabolism is the 
predominant, if not the sole, reason for the 
poor transferability of data between species 
for developmental toxicants (Dorne 2010; 
Voisin et al. 1990; Walton et al. 2001). The 
addition of maternal metabolites (e.g., those 
from the aforementioned incubation with a 
human hepatocyte cell-like system or an S9 
extract of the latter) together with a model of 
the placental barrier will largely eliminate this 
shortcoming. Using mouse stem cells in the 
subsequent differentiation assay would thus 
be justifiable, and even preferable, because 
differentiation protocols are much shorter in 
mouse stem cells compared with human cells. 
With the addition of end points for develop-
mental neurotoxicity and osteotoxicity (two 
other versions of the EST that are currently in 
development) this test promises to surpass the 
predictivity of corresponding animal models 
(e.g., Zimmer et al. 2011; zur Nieden et al. 
2010). Naturally, as part of good scientific 
practice, and similar to animal testing in a 
second species, a parallel unrelated assay that 
addresses the same question should be per-
formed. In the case of embryotoxicity, one 
could imagine complementing the envisioned 
metabolically competent version of the EST by 
testing the identified metabolites on zebrafish 
or hen eggs. Comparing the results would 
either boost confidence or trigger a second 
look at the chemical’s action.

Generally speaking, embryonic stem cells 
and induced pluripotent stem cells clearly are 
promising in that they have the potency to 
differentiate into nearly every cell type—even 
organ-like structures. However, it is important 
to confirm that the resulting structures are 
representative of adult tissue. When this is not 
the case, adult-derived differentiated (non-
stem) cell lines, which also have a more stable 
phenotype, may be a better choice (Pannetier 
and Feil 2007; Wobus and Löser 2011; Zeng 
and Rao 2006).

Outlook
Combining these assays into a molecular Tox-
Test Dummy would cover many toxicological 
aspects currently assayed in vivo. Unarguably, 
many of these systems still need further devel-
opment such as the establishment of reliable 
“omics” signatures, the refinement of organo-
typic cell cultures, and cellular differentiation 
protocols. Most important, how to integrate 
these systems into a practical testing strategy 
such as a Tox-Test Dummy has been hardly 
addressed so far. Nevertheless, these are issues 

Figure 2. Introduction of in vitro testing in parallel to current regulatory in vivo tests would allow for the 
optimization and targeted development of an integrated testing strategy without compromising safety. 
Practical experiences will either increase trust in the systems used or highlight weaknesses to be 
addressed. Eventually such an integrated approach will have a higher predictivity than current systems, 
which would provide the opportunity to phase out live-animal testing. Abbreviations: ES, embryonic stem 
cell; iPS, induced pluripotent stem cells. 
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that can and will be solved in time. The ulti-
mate demand of organotypic systems for all 
tissues seems now less utopian than it was 
10 years ago.

The two most quoted arguments against 
an in vitro testing battery are concerns about 
the relevance of any observed effects and the 
issue of validation. Although the latter is a 
valid point from a health and safety perspec-
tive, it is a logic paradox as animal testing itself 
has never been validated. However, in vitro 
validation studies are necessarily based on 
data generated by these unvalidated methods.  
We argue that regulators will have to accept 
some of the limitations surrounding the 
issue of validation, which may seem radical. 
However, we are not suggesting that valida-
tion trials be abandoned. In fact, validation 
could be improved by incorporating increas-
ing knowledge about biological pathways with 
toxicologal relevance. Rather, we propose that 
a Tox-Test Dummy is being initially regarded 
as equivalent to testing in a second species. Its 
use alongside established in vivo tests would 
allow for the new concept to be evaluated 
while maintaining a maximal degree of safety 
(Figure 2). Meanwhile, the suggested com-
bined use of an exposure-based target dose and 
metabolite assessment would ensure that test 
systems are exposed to relevant doses. In its 
idealization such a Tox-Test Dummy would 
not only cover most regulatory testing needs, 
but it also would be quicker and more likely 
to have a better predictivity than the current 
system. Ideally, the economics of going in vitro 
should be enticing as well, or, at the very least, 
on par with the cost and time of animal test-
ing. A look at the ever declining price tags for 
“omics” technologies shows us that this is a 
realistic expectation.

Money cannot solve everything, but 
increased funding efforts by the authorities 
and industry will definitely move us toward 
the Tox-Test Dummy more quickly. The 
efforts have to go directly into an integrated, 
multidisciplinary approach, bringing together 
the available assays, rather than continuing 
scattered funding of specialized areas. Further, 
we recommend developing performance stan-
dards for such a prospective Tox-Test Dummy 
rather than specifying assays. This approach 
would open development of the Tox-Test 
Dummy to every possibility and let the best 
concept(s) win. Finally, given the ethical 
debate surrounding the use of human stem 
cells, we encourage the toxicological commu-
nity to engage with lawmakers to help them 
develop a better understanding and more 
realistic perspective on these issues. Arguments 
about concepts are a necessary process of any 
scientific and political debate. However, for 
regulatory toxicology the ongoing debate 
needs to be more focused or the gale will grow 
into a storm.

References

Adler S, Basketter D, Creton S, Pelkonen O, van Benthem J, 
Zuang V, et al. 2011. Alternative (non-animal) methods for 
cosmetics testing: current status and future prospects–
2010. Arch Toxicol 85:367–485.

AXLR8 Consortium, ed. 2010. Alternative Testing Strategies: 
Progress Report 2010. Available: http://axlr8.eu/axlr8-2010-
progress-report.pdf [accessed 31 July 2012].

Binetti R, Costamagna FM, Marcello I. 2008. Exponential growth 
of new chemicals and evolution of information relevant to 
risk control. Ann Ist Super Sanita 44:13–15. 

Chandler KJ, Barrier M, Jeffay S, Nichols HP, Kleinstreuer NC, 
Singh AV, et al. 2011. Evaluation of 309 environmental 
chemicals using a mouse embryonic stem cell adherent cell 
differentiation and cytotoxicity assay. PLoS One 6:e18540; 
doi:10.1371/journal.pone.0018540 [Online 7 June 2011].

Chen YF, Tseng CY, Wang HW, Kuo HC, Yang VW, Lee OK. 2012. 
Rapid generation of mature hepatocyte-like cells from 
human induced pluripotent stem cells by an efficient three-
step protocol. Hepatology 55:1193–1203.

Collins FS, Gray GM, Bucher JR. 2008. Toxicology. Transforming 
environmental health protection. Science 319:906–907.

Dai X, He YD, Dai H, Lum PY, Roberts CJ, Waring JF, et al. 2006. 
Development of an approach for ab initio estimation of 
compound-induced liver injury based on global gene tran-
scriptional profiles. Genome Inform 17:77–88.

DARPA (Defense Advanced Research Projects Agency). 2011. 
Defense Sciences Office. Microphysiological Systems. 
Available: www.darpa.mil/Our_Work/DSO/Programs/
Microphysiological_Systems.aspx [accessed 26 July 2012].

Dix DJ, Houck KA, Martin MT, Richard AM, Setzer RW, 
Kavlock RJ. 2007. The ToxCast program for prioritizing toxic-
ity testing of environmental chemicals. Toxicol Sci 95:5–12.

Dorne JL. 2010. Metabolism, variability and risk assessment. 
Toxicology 268:156–164.

Esch MB, King TL, Shuler ML. 2011. The role of body-on-a-chip 
devices in drug and toxicity studies. Ann Rev Biomed Eng 
13:55–72.

European Commission. 1976. European Parliament and Council 
Directive 76/768/EEC. Off J Eur Union L262:169–332. 

European Commission. 2003. Directive 2003/15/EC of the 
European Parliament and of the Council of 27 February 
2003. Off J Eur Union L66:26–35.

European Commission. 2006. Regulation (EC) No. 1907/2006 of 
the European Parliament and of the Council of 18 December 
2006. Off J Eur Union L396:1–849.

European Commission. 2008. Regulations: Council Regulation (EC) 
No. 440/2008 of 30 May 2008. Off J Eur Union L142:1–739.

Fielden MR, Adai A, Dunn RT, Olaharski A, Searfoss G, Sina J, 
et al. 2011. Development and evaluation of a genomic 
signature for the prediction and mechanistic assessment 
of nongenotoxic hepatocarcinogens in the rat. Toxicol Sci 
124:54–74.

Fleischer M. 2007. Testing costs and testing capacity accord-
ing to the REACH requirements—results of a survey of 
independent and corporate GLP laboratories in the EU and 
Switzerland. J Business Chem 4:96–114.

Genschow E, Spielmann H, Scholz G, Pohl I, Seiler A, 
Clemann N, et al. 2004. Validation of the embryonic stem cell 
test in the international ECVAM validation study on three 
in vitro embryotoxicity tests. Altern Lab Anim 32:209–244. 

Gilbert SF. 2003. Developmental Biology. 7th ed. Sunderland, 
MA:Sinauer Associates Inc.

Giri S, Acikgöz A, Pathak P, Gutschker S, Kürsten A, Nieber K, 
et al. 2011. Three dimensional cultures of rat liver cells 
using a natural self-assembling nanoscaffold in a clini-
cally relevant bioreactor for bioartificial liver construction. 
J Cell Physiol 227:313–327.

Hartung T. 2009. Toxicology for the twenty-first century. Nature 
460:208–212.

Hettwer M, Reis-Fernandes MA, Iken M, Ott M, Steinberg P, 
Nau H. 2010. Metabolic activation capacity by primary 
hepatocytes expands the applicability of the embryonic 
stem cell test as alternative to experimental animal testing. 
Reprod Toxicol 30:113–120.

Hewitt M, Ellison CM, Enoch SJ, Madden JC, Cronin MT. 2010. 
Integrating (Q)SAR models, expert systems and read-
across approaches for the prediction of developmental 
toxicity. Reprod Toxicol 30:147–160.

Huh D, Matthews BD, Mammoto A, Montoya-Zavala M, 
Hsin HY, Ingber DE. 2010. Reconstituting organ-level lung 
functions on a chip. Science 328:1662–1668.

Judson RS, Houck KA, Kavlock RJ, Knudsen TB, Martin MT, 
Mortensen HM, et  al. 2010. In  vitro  screening of 
environmental chemicals for targeted testing prioritization: 
the ToxCast project. Environ Health Perspect 118:485–492.

Kavlock R, Dix D. 2010. Computational toxicology as imple-
mented by the U.S. EPA: providing high throughput deci-
sion support tools for screening and assessing chemical 
exposure, hazard, and risk. J Toxicol Environ Health B Crit 
Rev 13:197–217.

Kleinstreuer NC, Smith AM, West PR, Conard KR, Fontaine BR, 
Weir-Hauptman AM, et al. 2011. Identifying developmental 
toxicity pathways for a subset of ToxCast chemicals using 
human embryonic stem cells and metabolomics. Toxicol 
Appl Pharmacol 257:111–121.

Krewski D, Acosta D Jr, Andersen M, Anderson H, Bailar JC III, 
Boekelheide K, et al. 2010. Toxicity testing in the 21st cen-
tury: a vision and a strategy. J Toxicol Environ Health B 
Crit Rev 13:51–138.

Landsiedel R, Fabian E, Tralau T, Luch A. 2011. Chemical toxic-
ity testing in vitro using P450-expressing cell lines, such as 
human CYP1B1. Nat Protoc 6:677–688.

Laschinski G, Vogel R, Spielmann H. 1991. Cytotoxicity test 
using blastocyst-derived euploid embryonal stem cells: a 
new approach to in vitro teratogenesis screening. Reprod 
Toxicol 5:57–64.

Liebsch M, Grune B, Seiler A, Butzke D, Oelgeschläger M, 
Pirow R, et al. 2011. Alternatives to animal testing: current 
status and future perspectives. Arch Toxicol 85:841–858.

Liu Z, Kelly R, Fang H, Ding D, Tong W. 2011. Comparative 
analysis of predictive models for nongenotoxic hepato-
carcinogenicity using both toxicogenomics and quantita-
tive structure-activity relationships. Chem Res Toxicol 
24:1062–1070.

Low Y, Uehara T, Minowa Y, Yamada H, Ohno Y, Urushidani T, 
et al. 2011. Predicting drug-induced hepatotoxicity using 
QSAR and toxicogenomics approaches. Chem Res Toxicol 
24:1251–1262.

Makris SL, Raffaele K, Allen S, Bowers WJ, Hass U, Alleva E, 
et al. 2009. A retrospective performance assessment of 
the developmental neurotoxicity study in support of OECD 
Test Guideline 426. Environ Health Perspect 117:17–25.

Medine CN, Greenhough S, Hay DC. 2010. Role of stem-cell-
derived hepatic endoderm in human drug discovery. 
Biochem Soc Transactions 38:1033–1036.

Meyer M, Schneckener S, Ludewig B, Kuepfer L, Lippert J. 
2012. Using expression data for quantification of active 
processes in physiologically based pharmacokinetic mod-
eling. Drug Metab Dispos 40:892–901.

Mielke H, Anger LT, Schug M, Hengstler JG, Stahlmann R, 
Gundert-Remy U. 2011. A physiologically based toxicoki-
netic modelling approach to predict relevant concentra-
tions for in vitro testing. Arch Toxicol 85:555–563.

Ministry of Economy, Trade and Industry, Ministry of the 
Environment of the Japanese Government, Ministry of 
Health, Labor and Welfare. 2007. Japan HPV Challenge 
Program. Available: http://www.env.go.jp/en/chemi/hpv.
html [accessed 26 July 2012].

NCATS (National Center for Advancing Translational Science). 
2011. Tissue Chip for Drug Screening. Available: http://
www.ncats.nih.gov/research/reengineering/tissue-chip/
tissue-chip.html [accessed 26 July 2012].

NRC (National Research Council). 2007. Toxicity Testing in 
the 21st Century: A Vision and a Strategy. Washington, 
DC:National Academies Press.

OECD (Organisation for Economic Co-operation and 
Development). 2001. OECD Guidelines for the Testing of 
Chemicals, Section 4. Test No. 416: Two-Generation 
Reproduction Toxicity. Available: http://www.oecd-ilibrary.
org/environment/test-no-416-two-generation-reproduction-
toxicity_9789264070868-en [accessed 2 February 2012].

OECD (Organisation for Economic Co-operation and 
Development). 2007. OECD Guidelines for the Testing of 
Chemicals, Section 4. Test No. 426: Developmental 
Neurotoxicity Study. Available: http://www.oecd-ilibrary.
org/environment/test-no-426-developmental-neurotoxicity-
study_9789264067394-en [accessed 2 February 2012].

OECD (Organisation for Economic Co-operation and 
Development). 2011. OECD Guidelines for the Testing of 
Chemicals, Section 4. Text No. 433: Extended One-Generation 
Reproductive Toxicity Study. Available: http://www.
oecd-ilibrary.org/environment/test-no-443-extended-one-
generation-reproductive-toxicity-study_9789264122550-en 
[accessed 2 February 2012].



Tralau et al.

1494	 volume 120 | number 11 | November 2012  •  Environmental Health Perspectives

Pampaloni F, Stelzer E. 2010. Three-dimensional cell cultures in 
toxicology. Biotechnol Genet Eng Rev 26:117–138.

Pannetier M, Feil R. 2007. Epigenetic stability of embryonic 
stem cells and developmental potential. Trends Biotechnol 
25:556–562.

Peljto M, Wichterle H. 2011. Programming embryonic stem cells 
to neuronal subtypes. Curr Opin Neurobiol 21:43–51.

Prot JM, Bunescu A, Elena-Herrmann B, Aninat C, Snouber LC, 
Griscom L, et al. 2012. Predictive toxicology using systemic 
biology and liver microfluidic “on chip” approaches: appli-
cation to acetaminophen injury. Toxicol Appl Pharmacol 
259:270–280.

Rovida C, Hartung T. 2009. Re-evaluation of animal numbers 
and costs for in vivo tests to accomplish REACH legislation 
requirements for chemicals—a report by the transatlantic 
think tank for toxicology (t4). ALTEX 26:187–208.

Schardein JL, Keller KA. 1989. Potential human developmental 
toxicants and the role of animal testing in their identifica-
tion and characterization. Crit Rev Toxicol 19:251–339.

Schenk B, Weimer M, Bremer S, van der Burg B, Cortvrindt R, 
Freyberger A, et al. 2010. The ReProTect Feasibility Study, 
a novel comprehensive in vitro approach to detect repro-
ductive toxicants. Reprod Toxicol 30:200–218.

Seiler A, Spielmann H. 2011. The validated embryonic stem cell 
test to predict embryotoxicity in vitro. Nat Protoc 6:961–978.

Sonntag F, Schilling N, Mader K, Gruchow M, Klotzbach U, 
Lindner G, et al. 2010. Design and prototyping of a chip-based 

multi-micro-organoid culture system for substance testing, 
predictive to human (substance) exposure. J Biotechnol 
148:70–75.

Subramanian K, Raghavan S, Bhat AR, Das S, Dikshit JB, 
Kumar R, et al. 2008. A systems biology based integrative 
framework to enhance the predictivity of in vitro methods 
for drug-induced liver injury. Exp Opin Drug Saf 7:647–662.

Sung JH, Shuler ML. 2010. In vitro microscale systems for sys-
tematic drug toxicity study. Bioprocess Biosyst Eng 33:5–19.

Takayama K, Inamura M, Kawabata K, Katayama K, Higuchi M, 
Tashiro K, et al. 2012. Efficient generation of functional 
hepatocytes from human embryonic stem cells and 
induced pluripotent stem cells by HNF4α transduction. 
Mol Ther 20:127–137.

Tralau T, Luch A. 2012. Drug-mediated toxicity: illuminating the 
‘bad’ in the test tube by means of cellular assays? Trends 
Pharmacol Sci 33:353–364.

U.S. Environmental Protection Agency. 1998. Final Report of 
the Endocrine Disruptor Screening and Testing Advisory 
Committee (EDSTAC). Available: http://www.epa.gov/endo/
pubs/edstac/coverv14.pdf [accessed 2 February 2012].

Voisin EM, Ruthsatz M, Collins JM, Hoyle PC. 1990. Extrapolation 
of animal toxicity to humans: interspecies comparisons in 
drug development. Regul Toxicol Pharmacol 12:107–116.

Walton K, Dorne JL, Renwick AG. 2001. Uncertainty factors 
for chemical risk assessment: interspecies differences in 
glucuronidation. Food Chem Toxicol 39:1175–1190.

Winkler J, Sotiriadou I, Chen S, Hescheler J, Sachinidis A. 
2009. The potential of embryonic stem cells combined with 
-omics technologies as model systems for toxicology. Curr 
Med Chem 16:4814–4827.

Wobus A, Löser P. 2011. Present state and future perspectives 
of using pluripotent stem cells in toxicology research. 
Arch Toxicol 85:79–117.

Wongkajornsilp A, Sa-Ngiamsuntorn K, Hongeng S. 2012. 
Development of immortalized hepatocyte-like cells from 
hMSCs. Methods Mol Biol 826:73–87.

Yildirimman R, Brolén G, Vilardell M, Eriksson G, Synnergren J, 
Gmuender H, et  al. 2011. Human embryonic stem cell 
derived hepatocyte-like cells as a tool for in vitro haz-
ard assessment of chemical carcinogenicity. Toxicol Sci 
124:278–290.

Zeng X, Rao MS. 2006. The therapeutic potential of embryonic 
stem cells: a focus on stem cell stability. Curr Opin Mol 
Ther 8:338–344.

Zimmer B, Kuegler PB, Baudis B, Genewsky A, Tanavde V, 
Koh W, et al. 2011. Coordinated waves of gene expression 
during neuronal differentiation of embryonic stem cells as 
basis for novel approaches to developmental neurotoxicity 
testing. Cell Death Differ 18:383–395.

zur Nieden NI, Davis LA, Rancourt DE. 2010. Comparing three 
novel endpoints for developmental osteotoxicity in the 
embryonic stem cell test. Toxicol Appl Pharmacol 247:91–97.


